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Production of mesons is considered in the course of heavy-ion colhsions at SPS energies. We 
investigate the possible difference in momentum distributions of </> mesons measured via their leptonic 
{^'^fj.~) and hadronic {K'^K~) decays. Rescattering of secondary kaons in the dense hadron gas 
together with the influence of in-medium kaon potential can lead to a relative decrease oi a (j) yield 
observed in the hadronic channel. We analyze how the in-medium modifications of meson properties 
affect apparent - reconstructed momentum distributions of (j) mesons. Quantitative results are 
presented for central Pb+Pb collisions at -Bbcam ~ 158 GeV /A. 
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Growing body of experimental information on fixed- 
target nucleus-nucleus collisions from AGS and CERN- 
SPS accelerators provides a reliable basis for the system- 
atic investigation of strongly interacting hadronic matter 
under extreme conditions. Particularly, production of 
particles containing strange quarks is expected to reflect 
the reaction dynamics at the early stage of collisions. In 
this context, (jj mesons, particles consisting mainly of ss 
pairs, are of a special interest. Since the interaction of (j) 
mesons with non-strange hadronic matter is suppressed 
according to OZI rule, (j) mesons are expected to decouple 
easily from the hadronic fireball. 

Several calculations have been done for (j) meson prop- 
erties in dense hadronic environment (mainly at higher 
baryon densities) |^, ^, ||, ^, ||, ||, ^ . It has been found 
that modifications of the (f> width and mass are sensitive 
to the strangeness content of the surrounding medium. 

Recently, new experimental data from CERN-SPS 
on (f) meson production in central Pb-|-Pb collisions at 
158GeV/A beam energy became available. Advantage of 
the rich experimental program at CERN is that it allows 
to study the (f> production via different (f) decay channels. 
Results of NA49 collaboration |^ are based on the cj) 
meson identification via its hadronic decay 4> —f K~^K^ , 
while NA50 collaboration has recently reported |^ about 
preliminary analysis of mesons identified via the dilep- 
tonic decay channel (j) —> /i+/i^. 

The purpose of this paper is to show, that the meson 
production spectra reconstructed via K'^K~ and /^"''/i" 
decay channels can be significantly different up to the 
level of present experimental observations. 

After introductory considerations in Section II we de- 
rive in Section III expressions for momentum distribu- 
tions of (f) mesons detected via KK and fifi channels. 
Wc take into account rescattering of decay kaons and in- 
medium modification of (j) meson properties discussed in 
Section IV. Numerical results are presented in Sections V 
and VI and conclusions are drawn in Section VII. 



For our estimates of the observed cf) meson spec- 
tra we assume a simple two-stage picture of central 
heavy ion collisions, which is close to those considered 
within cascade-transport ||l^, 11, |l2|, |lj, |^, hydrody- 
namical |15[ [l6i 0| and thermodynamical approaches 
|18| , |l9|, |2CI| , |21| . Initial stage of a collision is charac- 
terized by temperature close to the QCD phase tran- 
sition r > Tc w 170 ± 10 MeV. Then the system ex- 
pands up to the point, when numbers of different kinds 
of particles freeze in - a chemical freeze-out. Thermo- 
dynamical parameters of this stage could be obtained 
by fitting the final total hadron multiplicities. Typi- 
cal temperature is found to be Tchcm ~ 160 ± 10 MeV. 
During the second stage of the expansion, elastic scat- 
terings change momentum distributions of hadrons un- 
til they cease and distributions freeze in. The freeze- 
out temperature can be extracted from a simultaneous 
fit to the single-particle mT-spectra of different parti- 
cles supplemented by the analysis of particle correla- 
tion data. According to Refs. ||l|, |2^, ^ H one has 
T = rtherm-110±30MeV. 

In our considerations we assume that the fireball cre- 
ated in heavy-ion collision consists, mainly, of pions, 
kaons and excited mesonic resonances in central rapid- 
ity region. 

Mean free path A^ of (j) rnesons in hadron gas is esti- 
mated in Ref. B. Comparison with mean free paths of 
pions and kaons, Ajr.K, from Ref. |g^, |2^ gives A^ ;$ A^ < 
A0 for temperatures Tthcrm < T < Tchcm- Hence, one can 
expect that (j) mesons decouple from the pion-kaon sub- 
system at some earlier stage between the chemical and 
thermal freeze-out. Upon this stage (j) mesons stream 
freely out from the fireball. Pions and kaons, on the other 
hand, may still participate in mutual secondary interac- 
tions up to the stage of total thermal freeze-out. There- 
fore, if a (/) meson decays inside a fireball via hadronic 
channel we have to take into account possible interaction 
of its decay products with surrounding hadronic environ- 
ment. 



As a result of secondary interactions, the reconstructed 
invariant mass of a given pair of 4> daughter kaons falls 
out from the original (j) meson peak into the region iden- 
tified as a combinatorical background. Therefore, the 
(j) mesons decaying in medium, can be partially unrec- 
ognized in experimental analysis of K^K^ pairs. To- 
gether with negligible final state interaction of secondary 
dimuons originating from (f> —> n'^n~ decays this be- 
haviour results in the relative suppression of (p meson 
yield observed via hadronic KK channel. Such mecha- 
nism has been quantitatively studied in Ref. p7| where 
suppression at the level 40-60% has been obtained from 
simulation using RQMD code. 

In this paper we discuss effects which may enhance 
the suppression of observed 4> mesons identified via kaon 
channel. Possible increase of a meson width in medium 
will enlarge the probability of (f) decay inside a fireball 
enhancing thus consequences of mechanism studied in 
Ref. |£3- Alternatively, we consider a possibility that 
the kaon decay channel of a meson becomes kinemat- 
ically quenched in the medium. Additionally we argue 
that substantial relative difference in properties of K~^ 
and K^ meson in hadronic environment caused by the 
isospin asymmetry and/or by the large baryonic admix- 
ture, would also prevent the reconstruction of (j) mesons 
decaying into kaon pairs inside the medium. 



III. DISTRIBUTION OF (f> DECAY PRODUCTS 

Let us denote the phase-space distribution of ((> mesons 
in the center-of-mass system of two colliding nuclei at 
freeze-out as f^{x,p). Then the primary momentum dis- 
tribution of (j) mesons is given by 

m{p) = I dV^p^ U{x4,J) , (1) 



where integration goes over the fireball volume within a 
freeze-out hyper-surface E (surface normal vector d^a^ 
contracted with a (j) meson momentum p'^) [ p3| . Here we 
assume the case of a time-like freeze-out hyper-surface, 
d?a^ p^ > 0, which is relevant for applications below (for 
discussions of alternative cases cf. P4|). In the absence 
of any in-medium modifications of decay products and 
final state rescattering the shape of observed momentum 
distributions 77o(p) F^^/Ftot of muon pairs {fi^ii^)^ and 
%(p)r5fi<-/Ftot of kaon pairs (K^K^)^ would be the 
same. Here Ftot is (j) rneson total width and Tkk, F^^ 
are the partial decay widths in kaon and muon de- 
cay channels. Accordingly, in the experimental analysis, 
(j) meson distribution is reconstructed from momentum 
distribution of decay products multiplied by the corre- 
sponding inverse branching ratio. 

In this section we derive expressions for the apparent 
momentum distributions of (p mesons reconstructed via 
kaon and dimuon decay channels taking into account pos- 
sible modifications of meson properties in medium and 



consequences of kaon rescattering. 

Let us consider cf) meson suffered the last interaction at 
position x^ inside the hadronic fireball. The probability, 
that 6 meson lives for a time t is 



D0(t) 



cxp 



r:ot(t')di' 



(2) 



where Ftot = Ftot m^/E^ is total width of a moving me- 
son with energy E^ = (m^ H-p^)^/^. Asterisk * denotes 
in-medium values of the quantities. 

After traveling for a given time t with velocity v^ — 
p/ Erj, the (j) meson decays at the position x + v^- t with 
a probability ^*KKi^)/^tot(t) into two kaons. In-medium 
values of widths F* are determined by the current local 
temperature and density of the system. Daughter kaons 
from (f> meson decay have momenta ±pkk nx in the rest 
frame of the (fi meson. Value of pkk follows from equa- 
tion 7710 = u}*j^{pkk)+u}*^[pkk) where lu*^{p) and uj*^{p) 
are in-medium spectra of kaons and anti- kaons. In the 
center-of-mass system of two colliding nuclei (CMS) the 
kaon momenta are equal to 



Pl 



P0 



±, 



(3) 



5p = Pkk {^k + n^ (7^ - 1) (n k ■ ",/.)} , 



where 7^ = (1 — vV)"'^^'^ . The unit vector 77^ is uni- 
formly distributed in the (p rest frame, direction of 77^ is 
determined by meson momentum p^ in CMS. 

For a successful identification of ^ mesons in invari- 
ant mass spectrum of observed K^K~ pairs it is es- 
sential that momenta of daughter kaons do not change 
while leaving the hadronic fireball. Here we investigate 
two mechanisms which may change momenta of daughter 
kaons: rescattering in surrounding hadronic environment 
and change of momentum due to in-medium K meson 
potential. 

Probability that secondary kaon and anti-kaon leave a 
fireball without rescattering is determined by their mean 
free paths A^ /f , the time which kaons need to reach 
the fireball border t„ ^, and their velocities v^^ = 
p j^/uj* f> (in CMS) as follows: 
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Thus, the probability to register <j) meson in the kaon 
channel when it decays in medium can be expressed as: 



Pl-(l-PA(t))+PlI-PA(i): 



(5) 



where Pj and Pn are probabilities to identify a cj) meson 
from rescattered (Pi) and non-rescattered (Pii) kaons. 

Single rescattering of one of the kaons changes momen- 
tum of the kaon pair by vector APgcat, with jAPgcatl '^ Pt 



being a average thermal momentum of pions. Corre- 
spondingly the invariant mass changes by IS.M'^^^^^^ ~ 
p^ . At high temperatures [T ^ m-^) average thermal 
momentum of pions is pt ^ 400 MeV and hence a sin- 
gle rescattcring may shift M^+x- far from the (f) meson 
mass. In this case we put Pi = 0. 

Neglecting in- medium effects, one takes Pn = 1, as- 
suming that without a hard rescattcring all kaon pairs 
from (j) decays can be identified. However the modifi- 
cation of particle properties can provide another mecha- 
nism preventing identification. In medium kaons feel an 
effective mean-field potential inducing a change of their 
spectra w^ j^{p) — \/nij^ + p^. Leaving the fireball, kaons 
have to come back to their vacuum mass shell. This 
changes the invariant mass and momentum of the pair. 
Going out of medium, kaon stays on the same energy 
level, and its momentum outside the fireball becomes 
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pt 



w* {p% ,tY - m]^ Ip% "^ (a = K,K), where the 
kaon energy w* is evaluated at the moment of decay. 
As a result, momentum of the kaon pair is changed by 

pot 



AP„„, « ^UJ*ilVKlVK^ 



AW*2 < p|2 ^^^ ^^*2 



/S.uj*^ p j^ / p i^ , where we put 
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The invariant 



mass shift is then given by AMp^^ — (AFpot) • 

In the nucleon free, isospin symmetrical meson gas, 
in-medium spectra of kaons and anti-kaons are identical 
u)k(j>) = ^k{p) and the invariant mass shift reduces to 



AMp2ot= 



Ai.. 



2pj>; 



\pl+25p^pl-2{5p-p^f 



pression can be interpolated between the limit cases 



Pkk 



and 



< Vkk 



as AAf 2„t 



-Ac 



'K 



Therefore in the symmetrical case APpot a 
ish for small p^. Moreover in the isospin symmetrical case 
kaons suffer only a small mass modification (5:30 MeV for 
T ~ TO^). Hence, the release of kaons from a small po- 
tential well formed inside a fireball does not affect the 
momentum and invariant mass of a pair strongly enough 
to prevent a cj) meson reconstruction. For this case we 
take Pn ~ 1- 

In the case of rather strong isospin asymmetry and/or 
significant baryonic admixture K'^ and K~ mesons can 
have quite different spectra in medium |2§|| . This may 
lead to a wide spread of the kaon pair invariant masses, 
making the reconstruction of (j) rnesons decaying inside 
fireball impossible (Pn -^ 0). Note, that in this case our 
results are insensitive to the details of kaon propagation 
in medium. They depend only on the total <j) meson 
width via function D^{t). 

Finally the probability that a (f> meson created at po- 
sition x^ will be detected via the kaon channel is: 



dtr;^^(t)D4t)PA(t)Pii 



where r^ is the time of flight oi a (f> meson through the 
fireball, for i > r^ we have P^ = 1 = Pn and D^(t) — 
D0(r0)-exp(— Ftot [^— t^])- Momentum distribution of the 
kaon pairs from (f) decays is then obtained by averaging 
expression (o) over all uk directions in the (f> meson rest 
frame, and integrating over the fireball volume with a 
primary cj) distribution - see Eq.ffl). Then, multiplying 
by the inverse branching ratio we express "reconstructed" 
(h distribution in kaon channel as: 



VkIp) = (D0(t0) + 



'- to;, 

pO 
^ KK 
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dtB^{t)T*KK{t)Pxit)Fu), 



PaW = /^PaW. (7) 

Here and the brackets denote integration: 



<i'^cr''Pp.f4'i^4>,P) 



Note that according to this definition rio{p) ~ (1). 

Consideration of the di-muon pair momentum distri- 
bution is more straightforward. With a change of total 
(j) width in medium the branching ratio of the (j) — )■ /jfi 
decay r^^/Pt^j changes too. Therefore, the apparent (j) 
distribution reconstructed in the muonic channel is: 



. This ex- 
cases p0 > 

4pJ 


ry^(p) = (d^t^) + f^„, y'diD^(i)) . (8) 
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Note that for r*^^ = Tl, we have v^. = m , for r*^^ > Tl, 



we have 77^ < 770 and if T^^^ < P^^t then ry^ > 770. 

In our numerical estimates we will consider ratio of the 
reconstructed (j) nieson distributions Eq. (0,||) which does 
not depend on the overall normalization: 



T^ip) =VKip)/Vf^ip)- 



(9) 



For a direct comparison with experimental results on 
rriT distributions of identified (j) rnesons, one has to inte- 
grate over the rapidity interval accessible to the experi- 
ments, utilizing p ~ yrrtr cosh y ~ rn^. Dependence of 
the ratio (H) on mx reads 



7^(mT) =< VkIp) >y I < Vf^ip) >y 



(10) 



We also define ratio of the apparent and primary mo- 
mentum distributions for K^ K^ and fJ.'^ fJ-^ decay chan- 
nels as a function of rriT'- 

'R-K.fj.i'niT) =< riK,ii{p) >y I < mip) >y 



IV. $ DECAYS IN MEDIUM 
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T)4>ir<p) + J cliP|,^(i)D4i)PA(i)Pii, (6) 




Main hadronic decay channels of meson are (f> — > KK 
and (f> —> pn. Let us now consider the change of a decay 



width in a hot meson gas due to the modification of kaon, 
pion and p-meson properties. In-medium properties of 
pions can be effectively incorporated by a small mass shift 
m* = TTiTr + SttIt^ with ^TTi^r << "T-ir • Similar behaviour is 
expected for kaons. 

Spectral function of p meson in medium was exten- 
sively investigated in the context of di-lepton production 
in heavy- ion collisions at SPS energies |g^, ^, |3|, p2[ . 
In baryonic matter, coupling of p mesons to resonance- 
nucleon-hole modes [g9| together with the modification 
of pions [ pO| play dominant role. The p meson becomes 
very broad in medium and its spectral density strength is 
driven effectively to lower energies in analogy to Brown- 
Rho-scaling picture pi|. In purely mesonic systems the 
p mass is found to be almost independent of the temper- 
ature due to cancellation of tt — tt- and tt — ai-loop contri- 
butions [^. The p width, on the other hand, is expected 
to increase in meson gas considerably e.g. by 80 MeV at 
T = 150 MeV and by 160 MeV at T = 180 MeV ||. 

The partial width of the (f> -^ KK decay in medium 
depends on the kaon mass m*j^ as: 



STp = r;-rO < 200 MeV, and 100 Mev < T < 200 MeV. 
The shift of a pion mass produces a minor effect and it 
is, therefore, neglected here. Finally, the total width of 
(j> is given by r*^^ = 2 T^^ -I- T*^ . Here and below we do 
not consider the (j) meson mass shift, which is small and 
cancels as soon as we consider the ratio of the momentum 
spectra, cf. Eq.(|,^. 

For completeness we remark that the di-lepton de- 
cay channel 4> -^ l^ l^ also suffers a modification in 
medium, because the vector-meson-photon coupling is 
suppressed by meson fluctuations [^ |3^. For the 
(j) ~ "f coupling the suppression factor is determined only 
by kaon fluctuations Xtp-y = (1 — 2 {\K\'^)T/f^)- Here 
{\K\^)t ^ J d^k eM-^K{k)/T)[{2nf2cuK{k)]-\ 
^K{k) = ^to|. -I- fc2 and /^r = 93 MeV is the pion decay 
constant. Because of the large kaon mass this correction 
is negligibly smaU: {\K\^) / fl ^ 1% . 

Finally we, specify, how the in-medium properties of 
kaons and p mesons relax to their vacuum values during 
the fireball expansion. Assuming that SmK,p and STp are 
proportional to the density of the system, we have 



where Pcm(s, "11,77^2) is a kaon momentum in the rest 
frame of meson decay, obeying the equation: ^/s = 

V"^i+Pcm + V^^2 + -Pern ■ Assuming isospin symmetry 
we have mx = {mK+ + m^o)/2 = 495.6 MeV. Then 
vacuum width is equal to T^j^ = {Tj^+x- +Tj^g-^}/2 — 
1.84 MeV. Note that for SniK > the in-medium width 
^*KK decreases fast and vanishes for SniK ~ 14 MeV. 
The second hadronic decay channel — > p7r is effected 
by the decrease of the p meson mass, increase of the p 
meson width and the Bose-Einstein enhancement factor 
for pions. For the meson at rest we write 



'- pn ^ '- pTT ^p-^ (''^pi '^ p 



T)/Kp^{m%T%0), (12) 



7?3 



R^n 



where 5ra^^ and JF^ are input parameters. 

Before finishing this section we would like to point out 
that the estimations done here are valid only for an al- 
most baryon free fireball. In the presence of baryons the 
calculation of a phi self-energy becomes more elaborated, 
cf. Ref. 0. However, in this case the spectra of kaons 
and anti-kaons differ dramatically, inhibiting thereby the 
(f) reconstruction even more. It corresponds to the case 
Pii = when the reconstructed distributions (0,0) are 
the functions of a total width only. To simulate effectively 
the in-medium modification of F^^j we will use eq. (|IT 
and vary the kaon mass. 



and 



m^—rriTr 



Kpj,{mp,T,T) 



^[iu;~m,f-ml]i (13) 

TT 



2 nix 



(1 + nTr{u;))Ljr/{2m^) 
"" {cj-Ep{mp)f+u;^ry{4ml)' 

where m* and F* are in-medium p meson mass and 
width, respectively. Vacuum values are m° = 770 MeV, 
T° = 150 MeV, and F^^ = 0.75 MeV. We use the con- 
stant width approximation for the p meson spectral den- 
sity and denote EpirUp) = {rni + w? — to^)/2to0. The 
Bose-Einstein distribution of pions with temperature T 
is nTj{uj). In the zero- width limit we obviously have 
Kp7r(r -^ 0) = pl^{w?^,mp,m^) {l + n^[m^- Ep)) . Nu- 
merical evaluation of Eq. ( |l3| ) leads to the approximated 
relation F*_ « F^ ^^ " "^ ^™° ■ " "" *^ 

0.07 
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- p-K 
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100 McV 



— 1] ] valid for Snip = 



100 McV ' 

< 200 MeV, 



V. SPACE-TIME EVOLUTION OF THE 
FIREBALL 

After the considerations above let us now specify the 
model of the fireball expansion, which we will use in our 
numerical calculations. Assume a simple homogeneous 
spherical fireball with the constant density and temper- 
ature profiles. The (j) meson momentum distribution 



f4,{x,p} =exp 



E^ ~ p- u{x) 



To^l-u'ix) 



(14) 



is determined by the temperature Tq, fiow velocity pro- 
file u{x) = Vfx/Ro and radius Rq. Time of flight of 
a (j) meson and its daughter kaons through the medium 
contained in Eqs. (Q) and (0) can be expressed as r^ = 
tr{v^,x^) and r^ = TR+yjt{v j^,x ^ + v^t) , where 
Tfi{v,x) stands for a time, during which a particle with 
velocity v passes a distance from position a; to the bor- 
der of a sphere with the radius R. Since the flreball is 



expanding with radial velocity Vf, this time satisfies the 
equation {x + vt)'^ — {R + Vf t)^. This implies: 

rRiv,x) = (^^{V -X-Vf Rf + (i?2 - £2^ [v"" - v]) 
- [v-x -VfR)\{v^ -vf\ . (15) 

Solution ( p^ ) is valid for |a;| < i? and \v\ > Vf. In the 
case \v\ < Vf we put r = oo. 

During the expansion R(t) — Rq + Vf t , fireball den- 
sity drops as p{t) = paR^)/R^{t) and the temperature 
decreases as T{t) — Tq Rn/R{t) as expected for relativis- 
tic pion gas, cf. Ref. Ipq] . The kaon mean free path is 
Xk oc 1/p and therefore 
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To incorporate the freeze-out effect we will assume that 
as soon as T{t) < Tihorm kaons become free and Xk —^ oo 
as well as Pn —^ 1. The freeze-out time is then given by 
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FIG. 1: Ratio (|lC|) as a function of niT calculated for three 
sets of parameters (To, Vf , Rq) without inclusion of in-medium 
modifications of kaons and p mesons. The upper grey area 
corresponds to variations of kaon mean free paths Xk and 
freeze-out temperature Tthorm as described in the text. The 
lower grey areas are obtained for the same set of parameters 
but with the common expansion velocity Vf = 0.1 . 
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(16) For different temperature parameters above we take ac- 



cording to Ref. 
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13 fm, A 
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10 fm, and 



Parameters R^ , T*^ , w/ , and A^f serve as input for nu- 
merical evaluations below. The parameter Tthorm is used 
for an effective parameterization of the freeze-out time 
Tf.o.- It should not be considered as a true freeze-out 
temperature, since our estimation is based on the simpli- 
fied hydrodynamical description of a fireball. 

The model set up here is a rather crude approximation. 
However, the final results are found to be rather insensi- 
tive to the details of hydrodynamical evolution of a fire- 
ball, being determined mainly by the values of Tl^^ Rq, 



X 
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7 fm. 



First we evaluate suppression factor (g^ without 
any modifications of particle properties in medium, i.e., 
Sm'^ = Sr'i = 0. In this case we have TZ^{mT) = 1 
and TZ{mT) ~ TZK{mT)- Flow velocities correspond- 
ing to selected temperatures Tq are adjusted to repro- 
duce the slope of (j) meson mx distribution measured by 
the NA50 collaboration: Toff = 218 MeV: v 



(") 

'I 



0.46, 



[iii) 



0.41 . We take a^ 



f = 0.50, 
1 and vary 



r^^t n o , and Vf. We shall vary the input parameters ^f ^lean free path of kaons Xk within the interval < 
within a broad range to illustrate different possibilities. ^k < ^KiTQ), where AK(ro) follows from estimations of 



Ref. 
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VI. NUMERICAL ESTIMATES 

In this section we perform numerical evaluation of 
our expressions for (p meson yields reconstructed via 
K'^K'^ and p~^p~ channels in central Pb+Pb collisions 
at 158GeV/n SPS energy. 

First we investigate to what extend rescattering of sec- 
ondary kaons enhanced by the in-medium modification of 
a (/) meson width can suppress experimentally observed 
yield of 4> mesons identified via K^K^ channel. 

We remind that results of Ref. |2j] give maximal sup- 
pression factor 40% for the cf) meson observation in the 
kaon decay channel. 

In our evaluation we use several combinations of in- 
put parameters. Freeze-out temperatures Tq of <j) mesons 
distributed according to Eq. (^ vary between Tchom and 
Ttherm: («) Tq = 150 McV , (m) Tq = 160 MeV , [iii) 
To = 170 MeV . Size of the fireball Rq at the stage of the (f) 
freeze-out has to be comparable with <f> meson mean free 
path A^ at given temperature Rq ~ auXcf, with an ~ 1. 



We vary also Tthorm between 100 MeV and 80 MeV in 
agreement with analysis pOJ . This translates into the in- 
terval of freeze-out time values 10 fm < Tf.o. < 20 fm. 
All these variations produce the upper grey areas shown 
in Fig. |i| 

For all three sets of parameters (Tq, w/, i?o) we observe 
that TZ{mT) does not fall below 0.8 significantly. This 
is related to the large expansion velocity of the fireball. 
In this case 0.2 < T'^^^ Tf.o. < 0.4 and (j> mesons decay 
after the thermal freeze-out. To illustrate this effect we 
recalculate ratio TZ{mT) for the same three cases fixing 
Vf = 0.1 what corresponds to F^^t Tf.o. ~ 1- Results 
obtained {TZ ~ 0.6) are shown as lower gray areas in 
Fig. 0. 

To reproduce results of RQMD calculations described 
in Ref. |^ we take somewhat larger size of a fireball 
with Qf/f = 1.5, freeze-out temperature Ttherm = 80 MeV 
and A^f = 0.5 fm. This corresponds to the lowest limit 
allowed by the analysis p9. The results are shown 
in Fig. PI b y solid lines. The limiting scenario consid- 
ered in |27ll, when the freeze-out volume is determined 



a: 
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FIG. 2: Ratio (FKj) calculated for cases {i)~{iii) with an = 1.5, 
Xcf, = 13 fm and A^c = 0.5 fm. Solid lines are calculated 
with Ttherm = 80 MeV and dash lines correspond to Ttherm ~ 
40 MeV. No medium effects are included. 
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by the last kaon interactions, can be reproduced with 
Ttherm — 40 McV. Thls casc is shown by dash lines in 
Fig. 0. We take solid lines in Fig. as a reference point 
for our further investigation of in-medium effects. 

First we consider modifications of p meson properties. 



We choose p mass shift to be Sm„ 



-200 MeV for our 



three parameter sets. The p meson width depends on 
the temperature. Relying on Ref. p3| we take: ^F 



-^{ii 



.(■0 _ 



80 MeV, Sry> = 180 MeV, and 6r};"> = 200 MeV. Com- 
parison with Fig. (solid lines) shows slight decrease of 
ratio TZ^ttit) which corresponds to small increase of the 
total (j) meson width by 40% due to (j) ^ pn channel. 

Fig. S shows results obtained taking into account mod- 
ification of K meson properties in-medium. 

First we investigate the case when -^ KK channel 
is closed initially {Sm^ = 15 MeV) and it opens only 
during the fireball expansion. Results are shown in the 
left part of Fig. 13, where the upper plot is calculated for 
Pii — 1 and the lower one corresponds to a strong sup- 
pression of the kaon channel in medium with Pn — 0. 
Comparing ratios 7?. (tot) in Fig. and in Fig. shown 
by thick solid line (A) calculated for parameter set (i) we 
observe that kinematical quenching of <^ ^ K~^K~ chan- 
nel by increasing kaon mass decreases ratio TZ{mT) very 
slightly for both values of Pn- This happens because <j) 
meson width becomes very small in this case and there- 
fore probability of (j) meson decay inside the expanding 
fireball and consequently also probability for rescattering 
of daughter kaons are small. Compare lines (C), calcu- 
lated for parameter set (i), with a corresponding line in 
Fig. g. Lines (B) in Fig. y (left side) show that TZ^ be- 
comes larger than one for increasing kaon mass. Since 
increase of i?^ by 10%-20% does not change consider- 
ably the effective tot slope of (??^)j, distribution, we do 
not need to readjust the flow velocity parameter. This 
increase of _R^ leads at the end to a small decrease of TZ. 

Let us now consider the case when the 4> meson width 
increases strongly in hadronic medium due to the increase 
of r|f^. We simulate this effect by decrease of the kaon 



FIG. 3: Thick lines (label A) show the ratio TZ{mT) calcu- 
lated for in-medium modification of cf> meson properties. Re- 
sults for different parameters sets {i)-(iii) are depicted by 
solid, dash and dotted lines, respectively. The left plane cor- 
responds to the case when the kaon mass increases in medium 
5m% = 15 MeV, whereas the right plane shows results for 
a decreasing kaon mass Sm% = —30 MeV. Thin lines show 
suppression factors in the muon 7?.^ (B) and kaon TZk (C) 
channels calculated for parameter set (j). Upper plots are 
calculated for the case Pn = 1, lower plots correspond to 
Pn = 0. In all cases modification of p meson properties in 
medium is taken into account. 



mass in medium, which can result e.g. from rescattering 
of kaons on pions through K* and heavier kaonic reso- 
nances [Q. Here we restrict ourselves to rather conser- 
vative modification of kaon masses —30 MeV< SrnPj^ < 
which corresponds to the (j) width 4 MeV ^ r*^^ < 
20 MeV. In this case i?^ < 1 and at small tot — to.^ 
region i?^ can be suppressed up to 40-60%. Thus, for 
a given freeze-out temperature Tq and total width Fj^j 
we readjust flow velocity v'l to reproduce the slope of the 
rriT distribution measured in di-muon channel by NA50 
B. For our three sets of parameters {To,Ro) we obtain 
new flow velocities: (?) v^ = 0.38 , (m) v^ = 0.35 , {Hi) 
v'} = 0.28. 

Right part of Fig. l3| shows our results obtained for 
30 MeV. Corresponding partial width is FJ^ ^^ « 



10 MeV, and the total width is T;^^ « 21 MeV. This leads 
to FJ'qj Rq ^ F^Q^. Tf.o. ''^ 2, which provides a strong sup- 
pression of Rk as it is shown for the parameter set (i) in 
Fig. H (right side, fines C) . We find TZxi'mT -^ m^) ~ 0.2 
for Pii = 1 and ~ 0.15 for Pn = 0. However, since the 
ratio TZfj,{mT) also shown in Fig. (lines B) is also sup- 
pressed the resulting ratio TZ{mT) remains on the level 
~ 0.3 for small mx — m^, provided we put Pn = and 
~ 0.5 for Pn = 1. Taking even larger values of the to- 
tal decay width in the most preferable case (?) we obtain 
7^(TOT ^ TO0) « 0.28 for r*„t = 27 MeV, w^ = 0.35, 
and TZ{mT ~^ rn^) 



0.23 for r*„t = 34 MeV, w^ = 0.32 




5m =+15MeV 



Sm, = -30 MeV 



p [GeV] 

FIG. 4: The ratio (H) as a function of 4> meson momentum. 
Curve styles correspond to those in Fig. with readjusted 
flow velocities. Curves A are calculated for Pi = 1, whereas 
sets B are calculated with Pi = 0. 




y-Vn 



FIG. 5: Rapidity distributions (1)(2/) (full circles), ??,j(j/) 
(open circles) and r]K{y) (open diamonds) calculated for the 
parameter set (i) with 5m% — —30 MeV, the flow velocity 
v°f = 0.38 and Pi = 0. 



(both for Pii = 0). 

It is instructive to investigate ratio (S) as a function 
of the 4> momentum. Averaging over rapidity mixes mo- 
menta within a broad interval, e.g., for rriT = momenta 
100 ^ p ^ 1000 MeV what partially washes out the fi- 
nal suppression effect. To illustrate this point we show 
ratio R{p) as a function of a momentum in Fig. 0. 
For increasing kaon mass and correspondingly vanishing 
^KK we obtain a decrease of R{p) at small momenta 
by 40-50% (left plane). This is again a direct conse- 
quence of a rapid fireball expansion which brings Tkk (t) 
in the integral (1^) fast to its vacuum value. In the ex- 
treme case for p — > and Vf —^ we get i?(p, Vf) —^ 0. 
For decreasing kaon mass the reduction is even stronger 
~70%. Momentum dependence of TZ at small momenta 
p i Pf = m^ Vf 70 is completely washed out by rapidity 
averaging. 

In Fig. we compare the original rapidity distribution 
of (j) mesons riQ{y), with the distributions which can be 



reconstructed via kaonic r]^^ (y) , and muonic r]K (y) decay 
channels. Calculations are done for the parameter set 
(j) with 6ml. = -30 MeV, flow velocity w^ = 0.38 and 
Pji = 0. Distributions are normalized to give ?7o(?/ = 
0) = 1 . We observe a considerable broadening of the 
rapidity distribution measured in the kaon channel. 



VII. CONCLUSIONS 

We have studied distributions of (f> mesons in heavy- 
ion collisions at SPS energies reconstructed via hadronic 
K~^K~ and dilepton l~^l~ decay channels. The analy- 
sis of (J3 meson mean free path allows to suppose that cji 
mesons decouple from the hadronic system at somewhat 
earlier stage before the common breakup of the hadronic 
fireball. Therefore, kaon pairs originated from the 
decays inside a fireball can be rescattered or absorbed. 
Such kaon pairs will not contribute to a meson recon- 
struction, whereas the leptonic probes can leave a fireball 
freely. We derive the expressions (0) and (||) for the ap- 
parent momentum distribution of mesons in kaonic and 
muonic channels respectively. 

Within a simple model of spherically expanding fire- 
ball we investigate dependence of a relative suppression 
factor of the hadronic channel with respect to the dilep- 
tonic one on parameters of the system and on the (j) me- 
son in-medium properties. For a vacuum 0-meson width 
^ 4 MeV the maximal suppression 0.6-0.8 is obtained for 
the fireball size and expansion time Rq ~ Tf.o. ~ 20 fm. 
These values are in agreement with results of RQMD 
simulations p^. The crucial parameter is the fast ex- 
pansion of a fireball with Vf ~ 0.4-0.5 corresponding to 
the (j) freeze-out temperature range Tq ~ 150-170 MeV. 

Width of hadronic (j) meson decay channels {<j> -^ KK 
and (j) — > np) can be modified in medium due to changes 
of the meson properties. We have found that increase 
of the Trp channel width due to the broadening of p me- 
son and decrease of p meson mass leads alone to a tiny 
increase of the suppression. 

Other possibility is kinematical quenching of the kaon 
decay channel, which we simulate by simultaneous in- 
crease of K'^ and K~ masses. Since total width F^^j of cj) 
meson in medium becomes small (increase of the irp chan- 
nel width is not strong enough) (f) mesons decay mainly 
outside the fireball, where vacuum properties of (jj mesons 
are restored and rescattering of daughter kaons is negli- 
gible. Together with relative amplification of the muon 
decay channel by 20% the resulting suppression factor 
found for a quenched kaon decay channel was ~ 0.5. 

The increase of the meson width in medium pro- 
vides, on the other hand, a mechanism for strong sup- 
pression {^ 0.15) of the kaonic detection channel due 
to the enhancement of (f> decay probability inside a fire- 
ball increasing thus rescattering of daughter kaons. How- 
ever, increase of the (p total width reduces simultaneously 
the branching ratio of (/) — > p'^ p,~ decay and suppresses 
the spectrum of <f> mesons reconstructed via p^ pL~ de- 
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cay channel. Obtained suppression of the muonic de- 
cay channel at the level ~ 40-60% requires readjustment 
of the flow velocity to be compatible with experimen- 
tal slope of NA50. Adjusted flow velocity Vf ^ 0.3-0.4 
for r*„t - 20 McV and Tq - 150-170 MeV (compare 
to Vf ^ 0.4-0.5 obtained for a vacuum </> width) gives 
final net relative suppression factor of kaon channel to 
niuon channel ~ 0.3. This value is close to experimental 
observations at CERN SPS |, g. 

Strong increase of ip meson in-medium width can take 
place if the kaon mass decreases in medium by 30 MeV. 
The mechanism for such kaon mass modification can be 
similar to that studied in Ref. [ p7[ . 

We have found that reconstructed rapidity distribu- 
tions of (f) mesons become effectively wider, if in-medium 
properties of mesons and rescattering of kaons are taken 



into account. 

Finally we suppose that to improve understanding of 
experimental results on (f> meson production in heavy ion 
collisions at CERN SPS §, |9) further detailed investiga- 
tions taking into account in-medium effects within trans- 
port or hydrodynamical models are necessary. 
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